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Abstract 
In this paper, novel method based on loss sensitivity approach is utilized to determine optimal locations and size of the capacitors 
in radial distribution system to reduce power losses and improve voltage profile. Reduction in power loss enhances energy 
efficiency in distribution system also releases feeder capacity. Distribution system has combination of different type of loads 
(Industrial, commercial and Residential). Load models have significant impact on selecting capacitor size for better deployment 
of reactive power support. The main contribution of the paper is: (i) Capacitor allocation for radial distribution network using 
sensitivity approach, (ii) capacitor allocation and sizes calculation for radial distribution system with load growth and winter load 
variations, (iii) comparison of the results obtained with single and multi-capacitors placement with load growth and load 
variations, (iv) The loss savings and overall cost savings per annum with capacitors placement. In this paper we considered the 
impact of time varying load flow with realistic load model. The load growth factor is considered in the study which is essential 
for the planning and expansion of the existing systems. The impact of the realistic load model as ZIP load model has been 
considered for study of the systems. The results have been obtained for the distribution network of UK Distribution Corporation 
consisting of 38 buses.  
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1. Introduction 
With the continuing increase in load demand, the future expansion of the distribution network depends on the load 
flow study of the distribution system and thus is one of the most important research fields for electrical engineering. 
With the growing effort to reduce system losses, increase in the efficiency of the system, and proper voltage profile, 
many papers refer to optimal distribution system planning [1]. Various load flow methods for solving radial and 
mesh networks are [2-4]. The voltage profile in the radial distribution system based on the load tapped from start to 
end of the feeders results in considerable voltage drop. Thus, the capacitors are widely installed in distribution 
systems for reactive power compensation which helps to achieve power and energy reduction, voltage regulation, 
and system capacity release. The installation of shunt capacitors in primary distribution systems can also effectively 
reduce peak power and energy losses by improving the voltage profile and compensating reactive power 
consumption patterns of loads. The extent of these benefits is based on location and size of the installed capacitors 
[5-13]. The objective for capacitor placement can be to minimize the annual cost of the system, subject to operating 
constraints under a certain load consumption pattern. Most of the authors have concentrated on solving radial 
distribution networks with time invariant load. In general, distribution system has combination of different load 
types (Industrial, commercial and Residential) which is varying from time to time. To study the system more 
realistic we have to consider these different load models together along with load curve variation. The time varying 
load models impact needs to be addressed for capacitors allocation. 
The main contribution of the paper is to: (i) optimal capacitor installation in radial network using novel sensitivity 
approach for time varying winter load model, (ii) optimal capacitor installation in the presence of load growth for 
future planning, (iii) evaluate the performance of the system with single and multi-capacitors placement with load 
growth and load variations, (iv) determine the energy loss savings and overall cost savings per annum with 
capacitors placement. The results have been obtained for the distribution network of UK Distribution Corporation 
consisting of 38 buses.  
Nomenclature 
TPL total active power loss  
TQL  total reactive power loss 
Ii branch current 
Ri branch resistance 
Iai active component of branch current 
Iri reactive component of branch current 
TPLa loss associated with active component of branch current 
TPLr loss associated with reactive component of branch current 
Ic reactive component of current supplied by capacitor 
Qc            capacitor rating 
Vc                 voltage magnitude corresponding to Qc 
kc number of buses compensated by capacitors 
Kcr           rate of capacitors 
CL cost of energy loss 
Ec energy rate 
Po           nominal real power demand 
Qo          nominal reactive power demand 
rate annual load growth rate 
m            planning period up to which load growth is considered 
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2. Optimal Allocation of Capacitors in Radial Distribution System Using Novel Method 
In this paper, capacitor allocation has been obtained for radial distribution system using novel method. Optimal 
capacitor sizes are determined at each bus based on minimization of power loss and the buses corresponding to 
minimum loss have been selected for capacitor placement. By placing capacitor of suitable sizes at each bus except 
source node, run the load flow to plot the total real power loss variation. Then select the node at which loss saving is 
maximum. The corresponding capacitor sizes can be calculated based on the mathematical formulation as given 
below. 
ࢀࡼࡸ ൌ σ ࡵ࢏૛ࡾ࢏࢈࢘࢏ୀ૚    (1) 
ࢀࡼࡸ ൌ σ ࡵࢇ૛ࡾ࢏࢈࢘࢏ୀ૚ ൅ σ ࡵ࢘૛ࡾ࢏࢈࢘࢏ୀ૚   (2) 
ࢀࡼࡸ ൌ ࢀࡸࡼࢇ ൅ ࢀࡸࡼ࢘             (3) 
ࢀࡼࡸ ൌ σ ࡵࢇ૛ࡾ࢏࢈࢘࢏ୀ૚ ൅ σ ሾࡵ࢘࢏ ൅ ࡵࢉሿ૛ࡾ࢏࢑࢏ୀ૚ ൅ σ ࡵ࢘࢏૛ ࡾ࢏࢈࢘࢏ୀ࢑ା૚   (4) 
Subtract Eqn. (2) from Eqn. (4) 
οࢀࡼࡸ ൌ σ ࡵࢇ૛ࡾ࢏࢈࢘࢏ୀ૚ ൅ σ ࡵ࢘૛ࡾ࢏࢈࢘࢏ୀ૚ െ σ ሾࡵ࢘࢏ ൅ ࡵࢉሿ૛ࡾ࢏࢑࢏ୀ૚ ൅ σ ࡵ࢘࢏૛ ࡾ࢏࢈࢘࢏ୀ࢑ା૚ ൅ σ ࡵࢇ૛ࡾ࢏࢈࢘࢏ୀ૚   
            ൌ σ ࡵ࢘૛ࡾ࢏࢈࢘࢏ୀ૚ െ σ ሾࡵ࢘࢏ ൅ ࡵࢉሿ૛ࡾ࢏࢑࢏ୀ૚   
ࣔοࢀࡼࡸ
ࣔࡵࢉ
ൌ ૙ orെ૛ࡵࢉ σ ࡾ࢏࢑࢏ୀ૚ െ ૛σ ࡵ࢘࢏ࡾ࢏࢑࢏ୀ૚ ൌ ૙  
For maximum loss saving required current to be supplied by Qc is given by  
ࡵࢉ ൌ െ
σ ࡵ࢘࢏ࡾ࢏
࢑
࢏స૚
σ ࡾ࢏࢑࢏స૚
                                                                                                                                                             (5) 
ࡽࢉ ൌ ࢂࢉ כ ࡵࢉ    (6) 
Cost of energy loss and cost of capacitors 
Cost of  Energy Losses (CL): The annual cost of energy loss is given by  
CL= (Total Real power Loss)*(ܧ௖ כ ͺ͹͸Ͳ) $                                                                                                              (7) 
Where, ܧ௖ = 0.06 $/kWh 
Cost component of  capacitor for reactive power  
ܥሺܳ௖ሻ ൌ ܭ௖௙ ൅ ܭ௖௥ כ ܳ௖        $                                                                                                                                    (8)
ܭ௖௙      : installation cost of capacitor $ 
Where, ܭ௖௙ =1000 $ 
ܭ௖ ൌ 3 $/kVAr 
Load growth model 
ܮ݋ܽ݀௜ ൌ  ൈ ሺͳ ൅ ሻ୫     (9) 
In this paper work, rate=0.07 and m=5 
Time varying load as a combination of residential, industrial and commercial has been considered for the capacitor 
allocation. Let Į, ȕ and Ȗ the percentages of residential, commercial and industrial load at each load node 
respectively. Load type and it’s exponent coefficients are given below. 
ܲ ൌ ௢ܲሾĮ ቀ
௏
௏೚
ቁ
௡೛ೝ
൅ ȕ ቀ௏
௏೚
ቁ
௡೛೎
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௏೚
ቁ
௡೛೔
]    (10) 
ܳ ൌ ܳ௢ሾĮ ቀ
௏
௏೚
ቁ
௡೜ೝ
൅ ȕ ቀ௏
௏೚
ቁ
௡೜೎
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ቁ
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ሿ    (11) 
 
Load 
Residential Commercial Industrial 
୮୰ ୯୰ ୮ୡ ୯ୡ ୮୧ ୯୧ 
Winter 1.04 4.19 1.5 3.15 0.18 6.00 
Summer 0.72 2.96 1.25 3.50 0.18 6.00 
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3. Results and Discussions 
Single and multiple capacitors are optimally installed in an existing 38 bus UK distribution network considering 
realistic seasonal winter load variation using Novel method with an objective of minimisation of power losses. Also, 
load growth is also, considered in this study which is an essential parameter for better planning of the system. The 
results are obtained in terms of voltage profile, power losses, released feeder capacity, cost of energy losses and 
annual energy savings with single & multiple capacitors. In this paper, results for optimal installation of capacitors 
with and without load growth under winter time varying load model are presented.   
3.1. Results for 38 bus radial system with time varying winter load without load growth  
Results obtained for TPL, TQL, complex power received from the substation in the base case with & without 
load growth scenario for 24 hrs winter load variation is given in Table 1. It is found that total loss is minimal at bus 
30 with single capacitor, at bus 30 and 8 with two capacitors, and at bus 30, 8, and 24 with three capacitors. 
Therefore, the compensating buses for capacitor allocation taken are 30, 8, and 24 respectively. The losses obtained 
for 24 hrs load variation with capacitors is shown in Figs. 1(a), 1(b) and 1(c). The voltage profile obtained with 
single, two and three capacitors are shown in Figs. 2(a), 2(b) and 2(c).  Optimal capacitor ratings, power received 
from substation and total power losses with single & multiple capacitors are given in Tables 2. 
Impact of load growth on the system performance is quantitatively analysed. In the presence of load growth the 
power demand is much higher compared to base case without load growth. It results into higher power losses, poor 
voltage profile and higher cost of energy loss. In order to enhance system performance, capacitors installed at 
various locations as given in Table 3. The summary of results before and after installation of capacitors is given in 
Tables 1 & Table 3. It can be observed that the required capacitor sizes are quiet high in the presence of load 
growth. It is observed that the total power losses and power intake from the substation are lower with three 
capacitors compared to the case with two and one capacitor. Cost of energy loss, cost of capacitors and annual 
energy savings are determined before and after installation of capacitors. Also, energy savings are shown in Fig. 3 
after installation of capacitors with & without load growth scenarios. 
 
 
Fig. 1(a). TPL variation with single capacitor for radial system 
without load growth (winter load) 
 
Fig. 1(b). TPL variation with three capacitors for radial system 
without load growth (winter load) 
 
It is observed that the there is considerable energy savings obtained with single and multiple capacitors 
installations. It is also observed that minimum savings is obtained at 7 hr and maximum savings are obtained highest 
at 18th hr during the 24 hr load variation. This is due to variable load profile, i.e., load is minimum at 7th hr and is 
maximum at 18th hr. The cost of energy loss and the savings also follows the pattern of load profile variation. 
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Fig. 2(a). Voltage for radial system without capacitor and without load 
growth (winter load). 
 
 
Fig. 2(b). Voltage for radial system with single capacitor without load 
growth (winter load). 
 
 
Fig. 2(c). Voltage for radial system with three capacitors without load 
growth (winter load). 
 
 
Fig. 3. Savings for radial test system with and without load growth
(winter load) 
 
Table 1. Results without & with load growth and without capacitor (winter load). 
 
Time 
(Hours) 
Without load growth With load growth 
Pload 
(kW) 
Qload 
(kVAr) 
TPL 
(kW) 
TQL 
(kVAr) 
S i/p 
(kVA) 
Pload  
(kW) 
Qload 
(kVAr) 
TPL 
(kW) 
TQL 
(kVAr) 
S i/p 
(kVA) 
1 3558.6 1865.6 156.94 104.27 4205.407 4909.6 2421.2 298.27 198.08 5829.49 
2 3456.4 1820.1 148.1 98.394 4083.266 4771.1 2366.8 281.63 187.04 5661.42 
3 3423 1804.2 145.22 96.488 4042.859 4726 2347.5 276.27 183.48 5606.154 
4 3492.5 1833.6 151.1 100.39 4125.067 4821.1 2382 287.41 190.88 5719.841 
5 3766.2 1951.3 175.54 116.62 4451.203 5193.3 2521 333.53 221.49 6169.832 
6 3044.1 1633.5 115.04 76.445 3592.216 4209.6 2141.9 219.3 145.67 4984.758 
7 2102.4 1176.2 55.115 36.638 2475.062 2920.6 1572.2 105.84 70.334 3443.385 
8 2706.6 1461.5 90.713 60.29 3184.456 3754 1926 173.72 115.42 4426.527 
9 2812.1 1510.1 97.846 65.029 3308.845 3898.9 1985.5 187.29 124.44 4598.772 
10 2776.8 1494.1 95.435 63.427 3267.361 3850.3 1966.1 182.7 121.39 4541.181 
11 3091.1 1637.6 118.06 78.457 3639.138 4280.9 2140.8 225.67 149.92 5055.279 
12 3884.1 1980.6 185.93 123.53 4581.852 5362.4 2548.3 354.38 235.37 6358.477 
13 3160.1 1669.3 123.38 81.986 3721.3 4375 2179.2 235.73 156.6 5168.609 
14 3299 1730.6 134.37 89.291 3885.907 4565 2252.8 256.61 170.46 5396.314 
15 3816.3 1951.6 179.49 119.25 4500.472 5270.4 2514.2 342.21 227.3 6246.367 
16 3574.4 1851.3 157.63 104.73 4213.521 4940.2 2396.8 300.65 199.7 5848.833 
17 3848.8 1967.4 182.62 121.33 4540.404 5313.7 2533.4 348.03 231.15 6300.58 
0
10000
20000
30000
40000
1 2 3 4 5 6 7 8 9 101112131415161718192021222324
Time (hrs)
Pload (kW) without load growth
Qload (kVAr) without load growth
Pload (kW) with load growth
Qload (kVAr) with load growth
Savings ($) with single capacitor without load growth
Savings ($) with three capacitors without load growth
Savings ($) with single capacitor with load growth
Savings ($) with three capacitors with load growth
382   V.V.S.N. Murty and Ashwani Kumar /  Procedia Computer Science  70 ( 2015 )  377 – 383 
18 4490.5 2230.7 248.56 165.11 5310.266 6182.3 2838.1 472.65 313.88 7363.57 
19 4242.8 2146.6 222.44 147.76 5020.187 5840.3 2747.1 422.14 280.31 6955.865 
20 4103.3 2095.3 208.3 138.37 4855.807 5649 2689.9 395.1 262.34 6726.562 
21 3965.9 2040.9 194.74 129.36 4692.632 5461.7 2627.7 369.38 245.27 6500.45 
22 3760.6 1956.2 175.27 116.44 4448.256 5182.6 2529.3 332.62 220.87 6162.875 
23 3726.8 1941.5 172.14 114.36 4407.779 5136.8 2511.9 326.74 216.97 6107.105 
24 3659.8 1911.2 165.99 110.28 4326.897 5046.4 2475.7 315.24 209.34 5996.331 
 
Table 2. Summary of results after installation of capacitors without load growth (winter load). 
Time 
(Hour) 
Single capacitor at 30th bus Capacitors at 30th, 8th & 24th buses 
Qc 
(kVAr) 
TPL 
(kW) 
TQL 
(kVAr) 
S i/p 
 (kVA) 
Qc1 
(kVAr) 
Qc2 
(kVAr) 
Qc3 
(kVAr) 
QT 
(kVAr) 
TPL 
(kW) 
TQL 
(kVAr) 
S i/p 
 (kVA) 
1 904.95 128.99 85.812 3833.197 687.54 429.62 426.03 1543.2 122.96 81.851 3703.689 
2 885.27 121.74 80.977 3719.536 672.7 420.2 414.7 1507.6 116.04 77.243 3593.637 
3 878.21 119.42 79.427 3682.337 667.36 416.82 410.82 1495 113.83 75.769 3557.719 
4 890.64 124.27 82.666 3759.379 676.71 422.77 418.22 1517.7 118.47 78.859 3632.484 
5 940.5 144.44 96.13 4064.283 714.26 446.6 447.87 1608.7 137.76 91.717 3928.041 
6 803.18 94.801 63.011 3263.547 610.78 380.88 368.65 1360.3 90.398 60.157 3152.174 
7 591.48 46.4 30.804 2235.221 450.64 279.56 259.56 989.76 44.524 29.614 2157.768 
8 723.09 75.426 50.109 2891.614 550.05 342.57 327.9 1220.5 72.065 47.951 2793.646 
9 745.01 81.238 53.978 3007.038 566.6 353.07 339.69 1259.4 77.582 51.625 2905.458 
10 737.87 79.267 52.666 2968.406 561.21 349.65 335.79 1246.7 75.71 50.378 2868.016 
11 802.07 97.71 64.951 3313.514 609.66 380.38 370.84 1360.9 93.226 62.046 3202.295 
12 948.79 153.67 102.29 4194.016 720.22 450.43 456.7 1627.4 146.67 97.664 4055.913 
13 816.13 102.04 67.835 3389.662 620.27 387.11 378.58 1386 97.339 64.786 3275.988 
14 842.9 111.05 73.847 3543.023 640.45 399.91 393.79 1434.2 105.92 70.506 3424.637 
15 936.66 148.33 98.727 4118.075 711.08 444.66 449.38 1605.1 141.55 94.252 3982.314 
16 894.95 130.16 86.594 3848.571 679.69 424.78 423.88 1528.3 124.15 82.652 3720.724 
17 943.62 150.88 100.43 4154.671 716.35 447.99 453.24 1617.6 143.98 95.873 4017.578 
18 1049.8 206.15 137.39 4878.156 796.32 498.33 520.84 1815.5 197.27 131.41 4719.532 
19 1019.9 183.65 122.34 4599.3 774.01 484.39 498.03 1756.4 175.49 116.87 4447.289 
20 1000.4 171.62 114.3 4442.646 759.41 475.18 484.41 1719 163.87 109.13 4294.692 
21 978.77 160.22 106.68 4288.471 743.14 464.89 470.31 1678.3 152.89 101.8 4144.884 
23 943.96 144.01 95.842 4058.796 716.97 448.28 448.63 1613.9 137.32 91.424 3921.978 
24 937.71 141.43 94.119 4021.021 712.26 445.29 444.92 1602.5 134.85 89.777 3885.385 
  
Table 3. Summary of results after installation of capacitors with load growth (winter load). 
Time 
(Hour) 
Single capacitor at 30th bus Capacitors at 30th, 8th & 24th buses 
Qc 
(kVAr) 
TPL 
(kW) 
TQL 
(kVAr) 
S i/p 
 (kVA) 
Qc1 
(kVAr) 
Qc2 
(kVAr) 
Qc3 
(kVAr) 
QT 
(kVAr) 
TPL 
(kW) 
TQL 
(kVAr) 
S i/p 
 (kVA) 
1 1128.1 254.64 169.22 5367.286 821.35 625.31 553.11 1999.8 244.44 162.41 5187.003 
2 1107.6 240.32 159.69 5208.414 806.62 613.62 539.17 1959.4 230.66 153.24 5033.081 
3 1099.9 235.77 156.66 5156.657 801.07 609.24 534.33 1944.6 226.29 150.34 4983.092 
4 1112.4 245.45 163.1 5265.222 809.98 616.35 543.35 1969.7 235.61 156.54 5088.607 
5 1162.6 285.46 189.74 5693.29 845.94 644.91 579.49 2070.3 274.17 182.21 5503.976 
6 1019.8 186.96 124.18 4569.787 743.53 563.55 482.11 1789.2 179.44 119.17 4414.334 
7 774.94 91.195 60.53 3131.567 566.84 424.9 343.72 1335.5 87.925 58.363 3022.964 
8 926.05 149 98.945 4054.748 675.61 510.55 430.21 1616.4 143.22 95.108 3918.18 
9 950.46 160.59 106.65 4216.979 693.16 524.41 444.99 1662.6 154.31 102.48 4075.475 
10 942.62 156.65 104.03 4162.563 687.54 519.96 440.12 1647.6 150.54 99.974 4022.664 
11 1013.1 193.4 128.48 4647.295 738.21 560 483.85 1782.1 185.74 123.38 4492.584 
12 1163.4 304.95 202.74 5885.529 846.03 645.16 588.86 2080.1 293.08 194.84 5694.22 
13 1028.4 202 134.2 4753.962 749.23 568.69 493.48 1811.4 193.98 128.86 4595.895 
14 1056.7 219.98 146.17 4969.68 769.52 584.76 512.24 1866.5 211.25 140.35 4805.195 
15 1151.4 294.36 195.68 5778.877 837.41 638.4 579.98 2055.8 282.85 188.02 5590.747 
16 1110.7 258.02 171.49 5398.709 808.3 615.41 549.18 1972.9 247.82 164.69 5221.303 
17 1158.9 299.3 198.97 5829.372 842.88 642.68 584.78 2070.3 287.61 191.19 5639.39 
18 1257.6 409 272.06 6846.694 913.72 697.81 665.51 2277 393.93 262.01 6627.537 
19 1237.2 363.3 241.6 6446.116 899.3 686.96 639.57 2225.8 349.52 232.4 6235.534 
20 1221.3 339.12 225.48 6223.141 888.08 678.2 623.71 2190 326.05 216.76 6017.877 
21 1201.8 316.4 210.34 6005.308 874.17 667.2 606.95 2148.3 304.04 202.09 5805.873 
23 1168.6 284.2 188.9 5682.179 850.43 648.35 580.87 2079.7 272.92 181.36 5491.891 
24 1162.3 279.11 185.51 5629.267 845.9 644.76 576.34 2067 268.01 178.1 5440.597 
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4. Conclusions 
In this article, power loss sensitivity based novel approach is used for optimal placement of capacitor banks in 
distribution network for energy efficient operation of the system. The analysis has been carried out on practically 
existing UK 38 bus test system considering time varying realistic ZIP load model under load growth. The results 
have been obtained for radial as well as mesh networks before and after installation of single & multi-capacitors. 
However, in this paper, results for radial network are presented, in terms of voltage profile, power losses, feeder 
capacity, cost of energy loss, installation cost of capacitors and annual cost savings. Based on the results obtained, 
the following conclusions can be drawn. 
1. Multiple capacitor installation is more effective in loss reduction and enhancing voltage profile. This is due 
to the fact that capacitor supplies reactive power locally, therefore power intake form the substation is 
decreased. It can be noticed that energy savings with multiple capacitor placement is much higher than 
single capacitor placement. 
2. In the presence of load growth the power demand is quiet high than base case. Due to this, power losses are 
significantly increased and therefore poor voltage profile. In order to make the system efficient, higher 
capacitor sizes are required compared to without load growth. The savings per annum obtained due to loss 
reduction is higher with load growth and with multiple capacitors.  
3. The pattern of loss variation follows the load pattern and the savings per annum due to loss reduction is 
also follows the load pattern where savings are lower at lower load case and higher at higher load during 
the 24 hr load pattern. This study is important for better planning of the distribution systems with realistic 
load models. 
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